In preview of the special issue on "Environmental Governance for Sustainability", this manuscript examines three key themes on governance and sustainability. Governance for sustainability, by its nature, requires long-enduring institutional arrangements. Given the complex adaptive systems in which governance decision-making takes place, we explore three key characteristics of successful, long-term governance. The first of these is working across scale. This includes nested institutions as well as communication and coordination both horizontally and vertically between diverse governance groups. Second, we highlight the importance of collaboration. Building on the previous point, we draw on literature from collaborative governance and co-management to emphasize how collaboration can help to build more enduring governance structures. Third, we examine the importance of adaptation and evolution in the resolution of collective action dilemmas in complex systems filled with nonlinearities, unclear causal chains, and environments in which we have less than a full understanding of the ramifications of governance actions.
Introduction
Fifty years ago, Garrett Hardin wrote an article entitled "The Tragedy of the Commons" [1] , which became one of the most highly cited articles of all time and a course standard for environmental studies and sciences worldwide. According to common interpretations, Hardin predicts the tragic demise of natural resources unless the commons are either subdivided into individually managed parcels or the entire commons is controlled by the state. Unfortunately, many courses of study end the story here. Yet over the past 20 years, scholars have taken great strides to understanding how governance arrangements can work toward more sustainable outcomes. In line with the classic Brundtland definition of sustainable development as "development that meets the needs of the present without compromising the ability of future generations to meet their needs", we view sustainability to require long-enduring governance structures and institutional arrangements as the key. Institutional arrangements occur as formal rules and more informal norms that guide behavior in all human societies. The seminal work by Ostrom [2] figures prominently in the development of the governance approach, and as highlighted by [3] , the strength of the institutional design principles approach is that it allows for a complex array of context-specific implementation of such principles; much of its power comes from its ability to generalize while allowing for local-level diversity.
Environmental governance for sustainability occurs in a complex adaptive system and requires a systems perspective. Taking such a systems perspective, the articles in this issue examine the governance of linked social-ecological systems (SES). Since the publication of Dietz et al. (2003) [4] , "The Struggle to Govern the Commons", scholars have increasingly focused on the governance challenges inherent in such complex adaptive systems-nonlinearities and tipping points, evolving and dynamic social and ecological agents, and emergent behaviors. In dealing with such phenomena in subsequent research, scholars have identified a number of specific challenges in the sustainable governance of SESs, including: (1) working across scale and linking governance decision-makers horizontally and vertically; (2) building collaborative arrangements across political barriers to govern at the scale of the sustainability challenge; and (3) creating institutional arrangements that adapt to maintain robustness and resilience in a dynamic environment. The articles in this special issue emphasize the role that governance plays in confronting these three challenges-building a nested, collaborative, and adaptive governance structure-for any hope for sustainable outcomes. Below we share our own perspective on each of these challenges.
Working across Scale
Society faces a number of pressing environmental dilemmas-from fisheries depletion to freshwater shortages to climate change-that span scales from local to global and that will require responses at multiple levels of governance. Appropriate responses will require revisiting the notion of institutional fit: the crafting of governance arrangements at the scale of the sustainability challenge. Previous work on the fit of institutional arrangements and scaling has focused on crafting an appropriate set of rules and institutions at the appropriate scale for the specific problem. However, we see the challenges of understanding scale in environmental governance as much broader-it is essential both to analyze phenomena and governance arrangements at multiple scales and to analyze cross-scale interactions.
Most scholarship on appropriate governance arrangements for social-ecological systems currently addresses either the very local level or the broad international or global level, and the papers in this special issue run the gamut. The multi-scalar nature of SES governance is reflected in recently emerging transnational governance arrangements as well as more traditional public forms of regulation. Abbott and others' work on the "Governance Triangle" shows that private organizations-some formed and managed by business, some by civil society, and many by multi-stakeholder groupings-as well as public-private institutions, are concurrently engaged in most areas of environmental governance [5, 6] .
Our interest in this special feature is in the identification, navigation and coordination between and across scales. Ultimately, we want to know both how to design multi-scalar arrangements that respond to the interests of stakeholders while sustainably managing complex social-ecological systems, as well as how to reduce the friction and hence transaction costs between governance arrangements at different scales, both horizontally (between institutions at the same scale) and vertically (between institutions at multiple scales). This shares some similarities with the work of regime complex scholars [7] in that institutional proliferation has led to conflicts, overlap and friction among international obligations. However, our concerns go beyond this, to consider not only interactions between international regimes but also in the "orchestration" between public and private institutional arrangements at multiple scales [8, 9] .
Navigating within such complex governance structures extends existing work on polycentric governance. Polycentricity describes a governance system in which multiple, interacting governing bodies have autonomy to make and enforce rules within a specific policy arena and geography [10] . These authorities interact with others at similar scales horizontally and vertically. Research on polycentric governance, particularly the earlier empirical work on polycentric policing, begins to examine the coordination between governance arrangements, but the research did not explicitly examine scale more broadly [11] . One of the key claims of polycentricity theory is that better governance outcomes will result from congruence between the institutional arrangements and the problem they attempt to resolve. In effect, polycentricity attempts to match a given governance level to the scale of a specific problem [12] . A given governance arrangement then interacts with others engaged in related, often overlapping sets of problems both at the same scale of phenomena and at broader scales. This supposed advantage of polycentricity equates with the notion of "fit" described above, in which fit refers to system properties and institutional attributes matching [13] .
The importance of vertical interlinkages between governance spheres of authority in polycentric systems received added emphasis as the importance of nested institutions became one of Ostrom's design principles of long-enduring institutional arrangements. Through this, local-level scholars increasingly emphasized the importance of nested institutional arrangements and working between and across scales in the bottom-up processes of governance [14] . At the same time, international environmental scholars began exploring nested institutions and the top-down scaling of international regimes [15] . As studies of cross-scalar institutional arrangements increasingly understood the contribution of nested institutional arrangements to robustness and sustainability [16] , SES scholars incorporated these ideas of nestedness into the development of ideas of resilience, the adaptive cycle and panarchy [17] . The nature of nested institutions implicitly requires coordination across administrative, jurisdictional and political boundaries. We see this manifest in collaborative forms of governance.
Collaborative Governance
Our world today is fragmented by all types of boundaries and borders. Addressing governance challenges of coordination across these boundaries rather than unilateral decision-making requires resolving collective action dilemmas, in which a group benefits more from acting together than acting out of individual self-interest. While governance challenges have always required collective action to resolve, the need for collaboration in governance has increased due to today's fragmented yet increasingly connected world. Fragmentation occurs ecologically; habitat patches have shrunk and split over the past century, resulting in divided landscapes and species populations [18] . Social landscapes are also fragmented; current systems of governance with international, national, state, and local authorities create multiple, overlapping jurisdictional boundaries. These boundaries are further splintered by public-private divisions and boundaries between private entities. At the same time, the social and economic connectivity and inter-reliance between people has continued to grow. Social media unites strangers in common cause, allowing movements to form and progress at breakneck speeds. At the same time, it may also serve to further divide people into groups and increasing tribalism of "us versus them". Fragmentation alone does not necessitate any change from traditional top-down decision-making. However, fragmentation in combination with greater connectivity exacerbates governance challenges by creating interdependencies between actors and decision-makers, where the actions of one affects others. As a result, fragmentation combined with interconnectedness necessitates the coordination of people across boundaries in governance and decision-making. Here, coordination refers to conducting individual actions while informing the "other" about what is being done. Collaboration, in contrast, is about working together as a collective entity.
A great deal of research across a range of disciplines has focused on collaboration and cooperation. Many anthropologists recognize cooperation as a shared human trait and have identified the evolutionary forces that favored cooperation as a fundamental characteristic of Homo sapiens. Cooperation was favored because it generated economic [19] and psychological [20] advantages; it was important in the spread and evolution of human culture over millennia; this process has been referred to as cultural group selection, whereby norms that encourage prosocial behavior are spread by the comparative advantages they offer to the groups that internalize them [21] . One popular view from anthropology defines cooperation as selfless acts of sacrifice to help others and enforce commonly held values and social norms. This corresponds closely to Wilson's (2015) definition of altruism, being a behavior that "increases the fitness of the group but places the individual at a relative fitness disadvantage with the group."
These ideas lead directly to the foundation of human cooperation and norms of reciprocity as seen from a political economy lens [22] . To be successful, humans needed to learn to trust each other and engage in reciprocal relationships based on reputations for trustworthiness. Ultimately, multiple streams of social scientific research explore how humans can and do work together to resolve collective action dilemmas [23] . This special issue draws on the economic, political, psychological and general social science literature to understand how collaboration manifests in governance.
We see collaborative governance emerging from three overlapping literatures. The first provides a systematic overview of collaborative governance, as exemplified by a review paper by [24] , and draws deeply on the field of public administration. While not wholly environment-centered, it has a preponderance of environmental cases, as the authors identify environmental issues as being at the forefront of the movement toward more collaborative processes. Their overview creates a conceptual model outlining several core components to successful collaboration, including trust-building, strong leadership, a past history of collaboration or conflict, and balancing power dynamics. The authors draw on cases of public agencies working with external stakeholders. The second body of literature is on environmental collaboration as collaborative pragmatism, embodied by the book "Making Collaboration Work" [25] . The authors build a conceptual model with several themes, such as building common understandings, emphasizing collective rather individual outcomes, and focusing on institutional structure. They then test these themes across several case studies. Other literature takes a similar approach, emphasizing learning and adaptation in response to crisis [26] . The third is the literature of adaptive co-management, which has had several comprehensive reviews [27] [28] [29] . Each of these reviews lists conditions for success including key leaders, well-delineated resources, established pathways for learning, adaptive capacity, and trust. As evidenced in its name, a core feature of this literature with more emphasis than the other collaborative literature, adaptation plays a critical role. We explore the importance of adaptation in the decision-making process in the subsequent section.
Adaptation and Evolution
Much of the work on environmental governance, including the more specific work on adaptive environmental governance, does not engage explicitly with an evolutionary lens. This is unfortunate, as we see a strong consilience between this research program and this perspective. An evolutionary process is well defined and contains widely accepted principles and components. As such, viewing social-ecological adaptation as an evolutionary process serves as a likely candidate for clarifying exactly what is meant by adaptation in environmental governance. An evolutionary process is one that involves the following three steps: (1) generation of variation among a population of entities; (2) selection on this variation by a selective environment; and (3) a process of inheritance whereby the results of the selective process are carried forward.
The evolutionary framework usefully complements much of the work that was just discussed. Ostrom's own argument regarding institutional design principles is an evolutionary argument of the kind frequently proposed by proponents of cultural group selection. Given variation in cultural traits such as the institutions used by a group to manage a commons, we can expect differential rates of survival of the groups over time, insofar as such institutions are critical in maintaining each group via the commons on which it depends. This is the implicit perspective behind Ostrom's [2] analysis of long-lasting community-based natural resource management (CBNRM) systems. Essentially, Ostrom's analysis presumed that long-lasting communities had gone through a selective process as a basis for inferring that the resultant institutional traits have important adaptive qualities. In the context of CBNRM, the selective environment consists of the social dilemmas posed by the commons on which communities depend. This idea is behind the more general association between longevity and sustainability. Supporting this interpretation, [3] argue that the design principles that Ostrom [2] produced in her seminal study in fact align well with the conditions that are needed to favor group-level selection and subsequently the evolution of collective action.
Using the same selective logic, the evolutionary framework also enables governance scholars to make predictions in the same way that evolutionary biologists do. If a biologist knows enough about the critical features of a selective environment, then she will be able to predict important features of the species that will be found there, based on the usually correct assumption that such species will have had to adapt to this selective environment. If we know enough about the selective environment faced by a group of natural resource users, then this enables us to make predictions of what we will find based on our understanding of what features would be selected for in this historical environment.
The evolutionary framework also echoes a point made in much of the work on adaptation; that such adaptations are specific to a particular circumstance. This is also seen in work on resilience that emphasizes that we must talk about "resilience to what." Evolution is a process of adaptation to a particular selective environment, referred to as the "environment of evolutionary adaptedness (EEA)" [30] . The fitness that an adapted individual has is not so much a characteristic of the individual as it is a description of the relationship between that individual and its social-ecological environment. If that environment changes, the past adaptations may no longer be adaptive. In some cases, an evolutionary mismatch may occur, in which the selective environment of an entity changes to an extent that traits that increase fitness in a previous selective environment are now maladaptive.
This idea of a mismatch between an adapted behavior and the current selective environment resonates strongly with the notion of "fit" as described earlier, and this connection emphasizes the ubiquitous importance of this issue in human-environment interactions. One of the main challenges that arises from modern human-environment interactions is the human imposition of environments that diverge strongly from other species' EEAs (such as the constructions of roads or dams). We also impose novel selective pressures on human communities that diverge from their social EEAs: one of the main findings of much current work on local environmental governance is that communities of natural resource users that have persisted through a rigorous historical selective environment now face a mismatch between their evolved traditions and norms and what is selectively advantageous in a modern, highly interconnected world. As their current social environment departs from their social EEA, many communities around the world face a challenging evolutionary mismatch.
This observation leads us to a final point to make here, which is, how might we encourage a process of evolutionary adaptation? Much of the literature on adaptation emphasizes learning-by-doing of a sort that is reminiscent of the production of (and then selection on) diversity that is a critical part of the evolutionary process. When subjected to the guidance of an organization, this process can be seen as a "Darwin machine", this being a system, itself the product of evolution, that can guide an evolutionary process. Wilson [31] , citing [32] , argues for such machines when blueprint approaches to governance are insufficient: "When physical and social environments become sufficiently variable, juke-box solutions are inadequate and the only recourse is to evolve Darwin machines." A Darwin machine is a system that essentially evolves with the help of a guidance system (the "machine"). This observation closely links our view of adaptive governance with an evolutionary process, essentially equating them.
Highlights and Insights from the Special Issue
We conclude by introducing and sharing some of the main points regarding the articles in this special issue with an emphasis on how they contribute to the literature on scale, collaboration and adaptation. For simplicity, we have organized the papers in the order that they were published. Each of these stresses aspects of the core messages that we wish to introduce and elucidate in this special issue.
We begin with Faye and Ribot [33] who describe adaptation in informal governance as a mechanism for reducing vulnerability. However, what begins as a localized story of pernicious middlemen and government corruption quickly increases in complexity as multi-scalar forces are included in the analysis, linking the local economy to subnational markets to the national political level. As local communities try to adapt, the authors emphasize that the villagers' "precarity is overdetermined" (p. 15).
Young [34] also tackles the challenges of adaptation, examining the increasingly complex challenges of modern governance. Arguing that traditional regulatory governance in world affairs struggles with three characteristics-high connectivity, nonlinear change, and emergent properties-requires more than simply augmenting static policies, Young calls for a new type of governance (Type II) during periods of transformation. He details the importance of fit across multiple scales and the need for collaboration and coordination.
Shifting in scale from the global scale to the local, Hubeau et al. [35] analyze sustainability experiments to understand how to accelerate transformations toward desired outcomes. Of particular interest to the theses of the special issue, they show how such experiments spur social learning, which, in turn, builds adaptive capacity. This process, however, is predicated upon collaboration between diverse actors in their system.
Building on the challenges of governing complex SES raised in [34] , Berkes [36] provides an insightful overview of how to operationalize governance in the Anthropocene that resonates with the three main points of this introduction. First, drawing on the commons literature, Berkes shows how the institutional arrangements governing social and ecological subsystems have adapted and co-evolved over time. Second, collaboration serves as a mechanism for learning and knowledge co-production. Third, adaptive governance begins with a bottom-up approach and requires scaling up.
In contrast to Berkes call for bottom-up governance, Armstrong and Kamieniecki [37] see benefits in working within a top-down system. Similar to the Berkes and Young papers, Armstrong and Kamieniecki focus more on finding the appropriate fit to scale and the increasing role of politics in multi-level, adaptive governance. Adapting within a multi-level, multi-scalar environment requires learning through networks of collaboration.
Valkering et al. [38] move from theoretical discussions and conceptual models to empirically examining governance in local-level sustainability transitions. In particular, they focus on how to accelerate on-the-ground initiatives highlighting a number of mechanisms including upscaling efforts, partnering and collaborating, and replicating successes through inspiring other or through sprouting efforts (emigration of members to new initiatives).
Following in the tradition of [39] [40] [41] , the article by Gari et al. [42] returns to the source for understanding long-enduring institutional arrangements for common-pool resource managementOstrom's design principles [2] . Relevant to this special issue, Gari et al. find that fragile SES can evolve into long-lasting institutions through a focus on adaptive features. Additionally, the article notes additional success factors beyond the original design principles.
Similar to many articles in this compilation, Huh et al. [43] take on challenges of fit between level of governance and scale of the problem in examining climate change adaptation in South Korea at the national, metropolitan and local levels. One of the biggest challenges it notes is the lack of collaboration vertically in adaptation at multiple levels. Additional adaptive capacity could emerge from tighter connections between adaptation initiatives horizontally as well.
With an emphasis on the role of building legitimacy in policymaking through global environmental assessments (GEA), Garard and Kowarsch [44] show how the interdisciplinary and collaborative nature of GEAs can improve governance outcomes. By analyzing case studies, the authors view GEAs as a bridging activity that brings diversity and multiple perspectives into governance, leading to more resilient outcomes.
Moving from adaptation to transformation, Soliev and Theesfeld [45] show how benefit sharing can bring a new vision of what sustainability means. Using examples from transboundary water disputes, pressure on global biodiversity, and competition for land through large-scale land acquisitions, the authors note that benefit sharing, in contrast to a rights-based approach, can "provide room for governance structures that facilitate adaptation and learning" (p. 18) across a wide range of scales. Such sustainable management requires collaboration across boundaries from local to international.
Echoing the work of Young [34] and Berkes [36] , Chapman et al. [46] also emphasize the inherent challenges and importance of viewing governance as a multi-scalar, complex adaptive system. As a result, the authors see a need to transform views of agricultural production systems in three ways-holistically as more than simple food production systems, through a lens of resilience rather than optimization, and engaging a broader community of stakeholders beyond a simple producer/consumer relationship.
Finally, Brown et al. [47] use coastal planning for climate change adaptation in the United Kingdom as a mechanism for exploring adaptive governance. Drawing on the literature on windows of opportunity, the authors show how windows enabling adaptation can be opened, reframed or transformed. In so doing, they showcase the need to link top-down governance in the form of legislation with bottom-up governance through grassroots action to achieve proactive adaptation.
In conclusion, our aim with this special issue was to elucidate three key aspects of environmental governance for sustainability. In particular, we have addressed the importance of a multi-scalar perspective of governance in complex adaptive systems, the role of collaboration and bringing together a diversity of perspectives and ways of knowing, and the need for constant adaptation in an ever-changing dynamic environment. The contributors to this special issue have all provided conceptual and empirical studies in support of these key points.
